The present study was designed to explore the immunotoxic effects of orally administered aluminum (AI) on pregnant rats (n = 60) and their growing fetuses and consequently on the animal wealth. The animals were randomly allocated into three equal groups of 20 rats each. The first group has no treatment and kept as a control (G1). The second and third groups of pregnant rats were treated orally with aluminum chloride at 345 mg/Kg b.wt. The second group (G2) received the tested compound from the 6 th day of gestation to the end of weaning, whereas the third group (G3) received the tested compound from the 15 th day of gestation to the end of weaning. Control and treated animals (dams and offspring) were immunized ip with (0.5 ml) 20% sheep red blood cell (SRBC) suspension seven days before the end of experiments. At the end of exposure, ten dams and ten offspring from each group were used for assessment of cell-mediated immunity and a similar number of animals were sacrificed for evaluating the humoral immune response and serum protein profile. Aluminum chloride exposure of dams (G2 & G3) caused significant suppression of both cell mediated and humoral immune responses in the obtained offsprings compared to the control group (G1) without any significant effect on the immune responses of these dams. Moreover, the serum total globulins, albuminl globulin (AlG) ratio and gamma globulin fraction were significantly decreased in the treated dam's offsprings compared to the corresponding controls while the serum total protein and all serum protein fractions showed non significant difference between the control and treated dams and between the two treated dam groups themselves. There were no histopathological changes observed in thymus, spleen and liver of the control and treated dams. Thymus of treated dam's offsprings (G2) showed lymphoid depletion in both cortex and medulla. Their spleens showed lymphoid depletion in the white pulps and congestion with hemosiderosis in the red pulps. Liver of treated dam's offsprings showed dilation and congestion of its central vein with degenerative changes in the hepatocytes. These histopathological changes were more severe in G2 than in G3 offsprings. It can be concluded that gestational andl or lactation exposure of pregnant dams to AI chloride caused suppression of both cellular and humoral immune responses of their offsprings.
INTRODUCTION
Metals are the toxic chemical compounds which are deliberately introduced into the environment where they can cause toxicity and death of non target organisms (Domingo, 1995; Schafer et al., 1999; Carson, 2000) . The f100d of metals during the past decades due to their extensive use in industries was correlated with the pollution of food stuffs and the induction of hazardous Correspondence to: Ashraf M. Morgan, Department of Toxicology and Forensic Medicine, Faculty of Veterinary Medicine, Cairo University, PO. Box 12211 Giza, Egypt E-mail: Ashrafmrgn@yahoo.com 51 effects on humans and animals (Ganrot, 1986; WHO, 1997) . Their extensive use poses a serious threat not only to those who are in immediate contact but to every living organism through contaminated food, water, and air (Schafer et al. , 1999) . Aluminum (AI) compounds include AI sulphate, chloride, hydroxide, nitrate, and others. The main hazard to livestock from these compounds likely to arise from their use in treatment of drinking water, drugs (e.g., antacids), deodorants and antiperspirants preparations, preservation of wood, the disinfection of stables and slaughterhouses, and in manufacture of alloys (Lione, 1985; ATSDR, 2006) . The danger from use of such compounds, not only because most of them are extremely poisonous, but also because, with many, the effects of exposure are not immediately apparent, but are insidious in onset (Misawa and Shigeta, 1992; Zaman et al., 1993; Carson, 2000) .
Aluminum adjuvants are the only adjuvants allowed for use in human vaccines and is present in many veterinary vaccines (Bomford, 1980) . These adjuvants augment the type 11 immune response without enhancing the type 1 immune response (Bomford, 1980; Comoy et al. , 1997) . The use of tripie vaccines for childhood immunization may induce sensitization to the aluminum hydroxide added to the vaccine (May et al. , 1986) . In addition, contact dermatitis was observed to be aggravated by systemic aluminum from toothpaste. Barr et al. (1993) supported the concept that aluminum chloride (Drysol) can cause a proliferative histiocytic reaction when used as a topical cauterizing agent. It has been observed that AI exposure of rats in drinking water caused hyperemia in the red pulp of the spleen (Gomez et al., 1986) . Nordal et al. (1989) and Msarcpondes et al. (1996) attributed the observed rejection episode in kidney allograft recipients to AI accumulation in bone, suggesting that AI accumulation has an immunosuppressive effect. Moreover, Golub et al. (1993) and Tsundoa and Sharma (1999) recorded that aluminum exposure of experimental animals during gestation and lactation periods affected cytokines production in the offspring (Golub et al., 1993; Tsundoa and Sharma, 1999) . It decreased spleen concentrations of interleukin-2, interferon-gamma and tumor necrosis factor-alpha with deficiency of CD4+ cells in T cell populations in the offspring (Golub et al. , 1993) . Similarly, SC treatment of mice with alum (AI sulphate) induced IL-4 production and T-helper cell type 2 (Th2) responses in the absence of IL-4 in mice deficient in IL-4R a (Carson, 2000) . Synzynys et al. (2004) confirmed the immunosuppressive effect of aluminum chloride specially on primary T-dependent humoral immune response with diminished thymic and splenic cellularity when given to mice at the genotoxic dose (0.04 M).
There was little concern about the pre-and postnatal immunotoxic consequences of aluminum ingestion because its bioavailability was considered low. Therefore, the present study was designed to highlight on the immunotoxic effects of the pre-and postnatal orally administered AI chloride on the dams and their growing fetuses and consequently on the animal health.
MATERIALS AND METHODS

Chemieals.
The tested aluminum salt is aluminum chloride (AICI 3 ·6H z O). Aluminum chloride was purchased from Sigma Chemicals Co. (St. Louis, USA) with a M.wt. of 241.43. It was given orally to the treated rats at a dose of 345 mg/Kg b.wt (Sharma and Mishra, 2006) . Animals. Adult male and female albino rats, having body weight 180-200 g, were used as Lab. animals in this study. They were obtained from Faculty of Veterinary Medicine, Cairo University. The animals were kept under hygienic conditions and provided with balanced ration and water ad libitum. All animals were kept under observation along two weeks before the start of the experiment for acclimatization.
Animal exposure and experimental protocol. The effect of AI on the immune function of exposed animals was assessed by running two experiments for evaluation of both humoral and cell-mediated immune responses. The humoral immune response was assessed through application of the hemolysin assay; which is a modified micro-technique of complement fixation test; designed for determination of the titer of hemolysin antibodies in serum. At the mean time, the technique of Delayed-type Hypersensitivity (DTH) to sheep red blood cells (SRBC) was concomitantly carried out for investigation of the effect of AI on the cell mediated immune response, as proposed by Seinen et al. (1977) .
Sixty pregnant rats and their offsprings were used for immunological assays. Pregnant rats were randomly classified into three equal groups, 20 rats each. The first group received no treatment and served as control group (G1). The second and third groups of pregnant rats were treated orally with aluminum chloride (at dose level of 345 mg/Kg b.wt). The second group (G2) received the tested compound from the 6 th day of gestation to the end of weaning while the third group (G3) received the tested compound from the 15 th day of gestation to the end of weaning (G3).
Sheep red blood cells (SRBC) were obtained from healthy sheep through puncture of jugular veins and collection of wh oie blood. Heparin was used as an anticoagulant at a concentration of 1 %. Blood was centrifuged at 3000 rpm for 15 minutes. The supernatant layers were decanted and erythrocytes were washed three times with physiological saline and re-centrifuged then finally preserved in Aisever's solution in the form of 20% suspension. The SRBC suspension was used in immunization of all animals in the treated and control groups. In the hemolysin micro titration, 1 % SRBC suspension in complement fixation diluent was used.
Control and treated animals (dams and offspring) were immunized ip with 0.5 ml 20% SRBC suspension seven days before termination of experiment. At the end of exposure, ten dams and ten offspring from each group were used for assessment of cell-mediated immunity and a similar number of animals were sacrificed for studying the humoral immune response (Monis and Valentich, 1993) . Thymus, spleen and liver of both dams and fetuses were taken for histopathological examination.
Assay of cell-mediated immune response. Animals subjected to cell-mediated immune response study were injected intradermally with 0.5 ml of SRBC suspension in the hind foot pad. The delayed type hypersensitivity (DTH) reaction, a measure of cell-mediated immunity, was evaluated by measuring the diameter of skin reaction 24-hours after inoculation (Dean et al., 1989) .
Assay of humoral immune response (serum hemolysin antibody titer).
Serial twofold dilution (100 fll of decomplemented sera; 56°C for 30 minutes) were prepared in micro titration wells. 50 fll of 1 % SRBC suspension and 50 fll of guinea pig complement diluted 1 : 10 were added. The hemolysin titers were read after incubation for one hour at 37°C. For statistical analysis of the read antibody titers to be rational, each titer should be arithmetically transformed to log 2 values, using the following equation:
Log 2 antibody titer in serum = Log No. of dilution reciprocal
Log2
Titers represent the reciprocal of the highest dilution giving total hemolysis (Seinen et al., 1977) .
Assay of total proteins. It was carried out by a test kit according to Biuret method described by King and Wooton (1959) .
Serum protein electrophoresis. It was performed according to the method described by Keyser and Watkins (1972) .
Histopathological investigation. Thymus, spleen and liver were fixed in 10% neutral formalin and subjected to histopathological examination according to Bancroft et al. (1996) .
Statistical analysis. The significant differences between treated and control groups were assessed by One-Way-Analysis Of Variance (AN OVA) using Computer Microstat Program, Copyright (C) 1978-85 by Ecosft, Inc.
RESULTS
Effects on cell mediated immune response (DTH reaction).
Exposure of dams to aluminum chloride (G2 & G 3 ) at the previously mentioned dose level caused non significant suppression of the cell mediated immune response (DTH reaction) compared to the control group (G1). On the other hand, aluminum chloride exposure of these dams caused significant inhibition of the cell mediated immune response in their offsprings (G 2 & G 3 ) in relation to the offsprings from the control group (G 1 ) as shown in Table 1 . Table 1 Total proteins. Result of total pratein showed non significant difference between the contral (G1) and treated dams (G2 & G 3 ) and between the two treated groups themselves. This non significant difference was also recorded between the treated groups' offsprings and the corresponding contrals.
Effects on the humoral immune response (serum hemolysin antibody titer).
Serum protein fractions. Serum pratein fraction-
ation showed non significant difference among the different dams graups for albumin (A), total globulins (G), AJG ratio and globulin fractions. This non significant difference was also recorded for albumin, alpha and beta globulins of treated dam's offsprings compared with contral. However, total globulins, AJG ratio and gamma globulin fractions showed significant differences in the treated dam's offsprings in comparison with the corresponding controls.
Effects on histological structures of thymus, spleen and liver. There were no histopathological changes observed in thymus, spleen and liver of the contral and treated dams. Thymus of treated dam's offsprings (G2) showed lymphoid depletion of the medullary portion (Fig. 1) . Their spleens showed lymphoid depletion in the white pulps while the red pulps were congested (Fig. 2) . Moreover, the liver of this graup showed dilation and congestion of its central vein with degenerative changes in the hepatocytes (Fig. 3) . Offsprings of (G3) treated dams showed lymphoid depletion in both thymus cortex and medulla (Fig. 4) . Also, the red pulps of their spleens showed congestion with hemosiderosis while the white pulps had lymphoid depletion (Fig. 5) . Their livers showed congestion in central vein with degeneration of the surrounding hepatocytes (Fig. 6 ).
DISCUSSION
It is established that certain metals and metal-based compounds are inherently toxic, and their presence in occupational and environmental settings raises appropriate questions concerning human exposure. They can alter the immune response of laboratory animals and probably humans as weil (Hostek et al., 1993) . In some instances, the immune system appears to be exquisitely sensitive to these agents compared to other toxicological parameters (Golub et al., 1993) . Although the majority of data accumulated to date pertains to effects in small laboratory rodents, there is little reason to believe that similar quantifiable effects do not occur in domestic and food-producing animals due to basic functional similarities of the immune system of mammals in general (Exon, 1984) . Here we examined the effect of AI chloride at the teratogenic dose level (345 mg/Kg b. wt.) (Sharma and Mishra, 2006) on the immune system of the aluminum exposed dams and their offsprings. It was evident that there was a non-significant difference in DTH reaction (cell-mediated immune response), hemolysin antibody titer (humoral immune response), serum total protein and protein fractions between aluminum-exposed dams and those of control dams, confirming the absence of any immunosuppressant effect of AI in the exposed dams. This was sustained by the normal histological findings in thymus, spleen and liver of these treated dams. On the other hand, aluminum chloride exposure of these dams caused significant inhibition of the cell mediated and humoral immune responses, serum total globulins, AlG ratio and gamma globulin fraction in their offsprings in relation to the offsprings from the control group. This was confirmed by the recorded histopathological alterations in thymus, spleen and liver.
Our result concerning the absence of any hepatic histological alteration and the insignificant decrease in serum total protein of treated dams are similar to those recorded by Fontana et a/. (1991) in rabbits following long-term exposure to tris (maltolate) aluminum (111). On the other side, Cherroret et al. (1995) confirmed the suppressive effects of aluminum chloride on plasma total protein concentration in normal and uremic adult male rats.
The observed immunosuppressive effects in aluminum-exposed offsprings are in agreement with Davenport et al. (1989); Garrett (1989); OEHHA (1999) and ATSDR (2006) . In addition, Nordal et al. (1989) and Msarcpondes et al. (1996) attributed the observed rejection episode in kidney Allograft recipients to AI accumulation in bone, suggesting its immunosuppressive effect. The immunosuppressive effect of AI is confirmed by the recorded histopathological alterations in the thymus gland and spleen of AI chloride-treated dams' offspring. Similar pathological alterations were observed in spleen and liver of rats (Gomez et a/., 1986; Stein et al., 1987) and rabbits (Favarato and Zatta, 1993) following AI exposure. Nikolova et a/.
(1994) recorded different functional and morphological changes in the liver of white rats treated with aluminum. They reported that the histochemical data argued for disorders of protein metabolism.
In coincidence with the observed effects of AI on cellular immune response, it has been recorded that asthma and bronchial hyperactivity usually occur on exposure to aluminum salts in air at concentrations below 1 mg/m 3 (Nordic expert group, 1993). Lopez et al. (1994) concluded that delayed sensitivity to aluminum appears to be implicated in the pathogenesis of persistent nodular reactions in humans during hyposensitization therapy with aluminum-precipitated antigen solutions. The contact sensitivity to aluminum was confirmed by Helgesen and Austad (1997) and Peters et al. (1998) . Bergfors et al. (2005) observed that intensely itching subcutaneous nodules, lasting for many years and hypersensitivity to aluminum sometimes occur after the use of several AI adsorbed vaccines in infants.
Bytautiene et a/. (2005) showed that matern al exposure to aluminum hydroxide during pregnancy altered the immune responses and pulmonary function in the offsprings later in life, with mechanical and pathological findings indicative of type I hypersensitivity responses. Fetal programming occurring in utero was attributed to be responsible for the manifestation of type I hypersensitivity reactions, such as asthma and hives, later in life.
Ward et al. (2006) mentioned that short term « 10 days) exposure to episodic pulses of aqueous AI increases the risk of infection in the crayfish by impairing the ability of haemocytes to recognize and/or remove bacteria from the circulation. These literatures could approve the AI-induced suppressive effect on cell mediated-immune response in our findings.
Humoral immunity is the aspect of immunity that is mediated by secreted antibodies, produced in the cells of the B Iymphocyte lineage (B-cell). Secreted antibodies bind to antigens on the surfaces of invading microbes (such as viruses or bacteria), which flags them for destruction (Pier et a/., 2004 ). Eginchibaerva (1988 concluded that mother's milk antibodies induce immunosuppressive effect on the parameters of the humoral immune response of the progeny and on the degree of their sensitization. In offspring derived from mothers immunized by a suitable amount of T-dependent antigen, clear-cut suppression of development of specific plaque forming cells (PFC) in spleen was observed over a significant period after delivery (Watanabe et a/., 1984) .
The delayed type hypersensitivity reaction, a parameter of cell mediated immunity, and the humoral immune response against SRBC, which needs the co-operation of T-helper cells and B-cells, were distinctly depressed by aluminum chloride in rat offspring. Therefore, alu minum chloride exposure of dams at the tested dose level may suppress the offspring-immune response by affecting both Band T cells function. This suggestion is confirmed by the observed lymphoid depletion in thymus and spleen. Seinen and Willems (1976) reported that the antibody production against SRBCs is reduced by the impairment of T-helper cell function and/or impairment of T-effector cells (another subpopulation of T-Iymphocytes). The recorded suppression of cell mediated immune response as evidenced by the significant reduction in DTH reaction to SRBCs could be attributed to an effect on T-cells (T-effector cells) subpopulation (Danneberg, 1991) . Golub et al. (1993) recorded a deficit in immune effector cell function after long term in vive aluminum exposure of mice.
From these results, it can be concluded that aluminum chloride exposure of dams resulted in immune suppression in their offsprings, probably by an effect on T and/or B-cells. This effect was more pronounced after treatment with the tested chemical during the developmental phase of the lymphoid system. Additional support for the severe consequence of early exposure comes from the observation that aluminum chloride intubation of dams at 15 th day gestation caused mild alteration of immune parameters of their offsprings than in those of treated dams at the 6 th day of gestation, although this difference was non-significant. This observation confirmed those of Lauricella et al. (2001) who mentioned that AI effects on the immune system might depend on the dose, route of administration and length of exposure, as weil as on the cell population assayed.
